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Abstract. We present the results of narrow-band and broad-band imaging with the Very Large Telescope* of the field sur- 
rounding the radio galaxy TN J0924-2201 at z = 5.2. Fourteen candidate Lyo- emitters with a rest-frame equivalent width of 
> 20 A were detected. Spectroscopy of 8 of these objects showed that 6 have redshifts similar to that of the radio galaxy. The 
density of emitters at the redshift of the radio galaxy is estimated to be a factor 1.5-6.2 higher than in the field, and comparable 
to the density of Lya emitters in radio galaxy protoclusters at z = 4.1, 3.1 and 2.2. The Lya emitters near TN J0924— 2201 could 
therefore be part of a structure that will evolve into a massive cluster. These observations confirm that substantial clustering of 
Lyo- emitters occurs at z > 5 and support the idea that radio galaxies pinpoint high density regions in the early Universe. 
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1. Introduction 

One of the most intriguing questions in modern astrophysics 
concerns the formation of structure in the early Universe (e.g. 
Bahcall et al., 1997). The narrow-band imaging technique can 
efficiently select objects with a strong Lya line in a narrow 



1996: Pentericci et al. 



("Pascarelle et al.Vl996VLe Fevre et al.'. 


.2000 




Venemans et al. 




2002 




2003; 



gating overdense regions at high redshift ( Steidel et al. 


2000; 


Moller & Fvnbol 12001 ; Shimasaku et al.. 2003: IPalunas et all 


2004). For example, 


Steidel et al.. 


(.2000) used narrow-band 



imaging to map the extent of a large-scale structure at z ~ 
3.09, discovere d in a survev for cont inuum-selected Lyman- 
break galaxies. IShimasaku et alJ ( 1200 3) serendipitously found 
a large-scale structure at z ~ 4.9 while searching for Lyo- emit- 
ters in the Subaru Deep Field. Their results demonstrate that 
Mpc-scaled structures have already formed by z ~ 4.9 and that 
Lya emitters must be very biased tracers of mass in the early 
Universe. 

Narrow-band imaging of distant powerful radio galaxies 
at z = 2-4 has shown that these objects are often located 
in rich environments, possibly the early stages in the forma- 



shift such large-scale structures (protoclusters) can be detected. 
The most distant kno wn radio galaxy is TN J0 924-2201, with 
a redshift of z = 5.2 dvan Breueel et all \l99^ . In this Letter, 
we describe broad- and narrow-band observations of this radio 
galaxy, and report the discovery of 6 Lya emitters in the field 
whose redshifts are close to that of the radio galaxy. ' 



2. Observations and candidate selection 

2.1. Imaging observations and candidate selection 

To search for candidate Lya emitters near TN J0924-2201, 
narrow-band and broad-band (/- and V-band) imaging of the 
field were carried out during two separate observing sessions 
in 2002 March and April with the VLT Yepun (UT4), using 
the FOcal Reducer/ low dispersion Spectrograph 2 (FORS2). 
The custom made narrow-band filter had a FWHM of 89 A 
and a central wavelength of 7528 A, which encompasses the 
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wavelength of the Lya emission line at z ~ 5.2. The effective 
exposure times are 36860 s (narrow-band), 9750 s (/-band) and 
3600 s (V-band). The seeing in the narrow-band, /-band and V- 
band images is O'.'S, O'.'S and 1'.'05 respectively. The 3 cr limiting 
magnitudes in an aperture with a 2'.'0 diameter are 26.29, 26.65 
and 26.80 for the narrow-band, / and V-band respectively. For 
a Lya emitter at z ~ 5.2 with negligible continuum, the 5 cr 
limiting line luminosity is Liim(Lya) = 3 x 10"^^ ergs"'. The 
images have an area useful for detecting Lya emitters of 46.8 

A total of 3471 objects were detected in the narrow -band 
image with a signal-to-noise greater than 5 using the program 
SExtractor ( Bertin & Arnouts(ll996l) . For each object, the ob- 
served equivalent width was calculated using a method that will 
be described in a future paper (Venemans et al., in preparation). 
Lya emitters at z ~ 5.19 with a rest-frame equivalent width of 
EWo > 20 A would have an observed equivalent width (EW^) 
of 124 A. We find 24 such objects in the field. The V-band im- 
age was used to identify low redshift interlopers with an emis- 
sion line falling in the narrow-band filter. Ten of the 24 objects 
with EW^ > 124 A were also detected in the V-band with a 
signal-to-noise greater than 2, and had V - / colors that were 
much bluer (V - / < 1.2) than a V - / color of ~ 2 .75 as 
expected for a galaxy at z ~ 5.2 (e.g. 'Songaila', "2004). The 
remaining 14 candidates were our high priority candidates for 
follow-up spectroscopy. 

2.2. Spectroscopy 

For the spectroscopy, a mask was constructed which included 
the radio galaxy and 8 of the 14 high priority candidate Lya 
emitters. This was the maximum number that could be fitted on 
the mask. The rest of the mask was filled with objects having 
an excess flux in the naiTow-band, but with a lower equivalent 
width than our selection criterion and/or with a blue V - / color. 
The observations were caiTied out on 2003 March 3 and 4 us- 
ing FORS2 on the VLT Yepun. The mask was observed through 
the 600RI grism (with a peak efficiency of 87%) with 1'.'4 slits. 
The pixels were 2x2 binned to decrease the readout time and 
noise, giving a spatial scale of 0'.'25 pixel ' and a dispersion of 
1.66 A pixel"'. The total exposure time was 20676 s. The mean 
airmass was 1 .23 and the seeing in the individual frames varied 
between 0'.'7 and I'.'O, giving a spectral resolution of 185-265 
km s ' for point sources. For the wavelength calibration, expo- 
sures were taken of He, HgCd, Ar and Ne lamps. The rms of 
the wavelength calibration was always better than 0.25 A (~ 10 
kms"'). 

3. Results 

The radio galaxy and all of the 8 observed candidate Lya emit- 
ters showed an emission line near 7500 A. The redshift of the 
radio galaxy of z = 5.1989 + 0.0006 is consistent wit h the red- 
shift of z = 5.2, reported by! van Breugel et a l] lll999l) . 

Two of the 8 candidate Lya objects (emitters # 463 and 
# 559) are identified with [Oiii] .i5007 at z ~ 0.5, confirmed 
by the accompanying lines [Oiii] /14959 and li/3 (Fig. ^ and 
Table Q). The other six spectra (Fig.QJ did not show any other 



emission line in a wavelength range covering more than 3300 
A (see Tabledi. 

To distinguish high redshift Lya emitter s from low redshift 
interlopers various tests can be applied (see lStern et allEoOOl 
for a review). 

Asymmetric line profile A characteristic feature of a high 
redshift Lya line is the fl ux decrement on the blue wing 
of the Lya e missio n (e.g. IPawson et all l2002h . Following 
iRhoads et alJ ll2003l) . the asymmetry of an emission line can 
be described by the parameters and a j. These parameters 
measure the ratio of the line width and line flux redward and 
blueward of the line peak and depend both on the character- 
istics of the line (line width, amount of absor ption, merged 
doublet) and on the resolution of the spectrum flRhoads et all 
2003, and reference therein). Simulations of observed spec- 
tra indicate that Gaussian Lya lines with a FWHM of 150- 
800 kms"' and with the blue side fully absorbed have - 
1.0 - 1.6 and a/ = 1.0-1.4, while [On] /13727 emitters have 
ga ~ 0.9 and Uf = 0.8 - 0.9 . This is consistent with values 
found bv lRhoads et al 1 il2003k . who measure typical values of 
0.9 < Uf < 1.9 and 0.9 < ua < 3.1 for a sample of high red- 
shift Lya emitters and for [O ii] emitters at z ~ 1 <2/ « 0.8 and 

~ 0.9. Only two of the emission lines (of emitters # 1388 and 

# 2881) have a signal-to-noise that is high enough to measure 
the asymmetry. These two lines are (marginally) asymmetric 
(withfl^ = 2.0 + 0.9(2.2 + 0.6) and a/ = 1.7 ±0.8(1. 4 + 0.6) for 
emitter # 1388 (2881)), an indication that emitters # 1388 and 

# 2881 are Lya emitters at z ~ 5.2. 

Continuum break A high redshift Lya emitter must have a 
continuum break across the Lya line, c aused by the L ya for- 
est between the galaxy and the observer. iMadaul \ 1 9951) predict 
a break of a factor ~ 5 across the Lya line at z ~ 5. To mea- 
sure continuum in our spectra, regions that were not effected by 
strong telluric lines were chosen redward and blueward of the 
emission line. Four spectra had a significant (> 3cr) detection 
of continuum emission redward of the emission line, resulting 
in 2cr lower limits on their flux decrements of 3.6 - 5.3. Such 
large breaks in the optical are exclusively found in high redshift 
objects (e.g. Stern etal., 2000). Hammer etal. (1997) showed 
that observed [O ii] emitters at 0.5 < z < 1 .0 have a total 4000 
A and Balmer break of factor < 3. Therefore, the continuum 
break measured in four of the emitters is most likely caused by 
neutral H i absorption, and hence these emitters can be identi- 
fied with Lya emitters at z ~ 5.2. 

Equivalent width The emission line objects have observed 
equivalent widths in excess of ~ 250 A. The two emitters which 
do not show a convincing line asymmetry and do not show con- 
tinuum both redward and blueward of the emission line, have 
observed equivalent widths of EW^ > 540 A. This would cor- 
respond to a rest-frame equivalent width of > 269 A if the emis- 
sion line is [O ii] A3121 at z ~ 1 .0. Such high [O ii] equivalent 
width emitters are rare. The total n umber of z ~ 1 JO n1 emitters 
expected in our field, derived from'Tepl itz et all (l2003l) . is ~ 1 . 
However, the fractio n of [On] emitters with a rest-frame EW 
> 200 A is < 2.5% jTepUtz et all l2003l) . which indicates that 
these two emission line objects are probably not [O ii] emitters 
at z ~ 1, but Lya emitters at z = 5.2. 
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Emission line ratios As mentioned above, no other emis- 
sion lines were found in the spectra of the emitters. To es- 
timate the likelihood that the emitters are [On] emitters, we 
can derive an upper limit on the flux of the [Ne m] /13869 line 
and c ompare that to local emission line galaxies jFvnbo et all 
l200lh . Stacking the six spectra to increase the signal-to-noise, 
we find an upper limit on the ratio of [Ne iii] line flux over the 
[On] flux of flux([Neiii])/flux([Oii]) < 0.07 (2 cr). Using the 
spectrophotom etric catalogue of local emission line galaxies of 
IXerlevich et aL 11991.) . we found that only 5 out of a sample of 
151 of the galaxies with both [On] and [Neiii] lines detected 
(5/151 ~ 3%) have such a weak Neon line. With the estimated 
number of [O ii] emitters (see above), we expect that < 1 of our 
6 emission line galaxies is an [O ii] emitter. 

On the basis of these four lines of arguments, we conclude 
that these 6 line emitters are almost certainly Lya emitters at 
z = 5.2. 

The extracted Lya lines were fitted with a Gaussian func- 
tion to estimate the redshift, line flux and widths (FWHMs). 
In Tabled the properties of the Lya emitters are summarised. 
The IDs correspond to the object's number in the catalogue. To 
correct for the instrumental broadening, the observed FWHM 
was deconvolved with the resolution. The star formation rates 
(SFRuv and SFRLy„) were calculated from the measured UV 
continuum fluxes and line fluxes in the images assuming a 
flat fv spectrum an d UV flux density to SFR conversion of 
lMadauetalJ (!l998'). 

The velocities of the six confirmed Lya emitters cluster 
within a range of 900 kms~' in the rest- frame, while the 
narrow-band filter is ~ 3500 kms ' wide. The peak of the 
Lya emission of the radio galaxy is roughly 1000 km s"' away 
from the central velocity of the emitters. This is different from 
other z > 2 radio galaxy protoclusters, where the radio galaxy 
has a velocity close to the average ve l ocity of the Lya emit- 
ters jPentericci et al.[l200ntlkurk et aLlEooilVenemans et"^ 
I2OO2I) . This could be due to H i absorption on the Lya emission 
line of the radio galaxy. It has been shown that in radio galax- 
ies this absorption can cause a velocity shift of the Lya Une up 
to 1000 kms~' as com pared to other UV emission lines (e.g. 
lR6ttgeringetanil997h . 

Of the remaining objects covered by the mask, one is iden- 
tified as a [On] /13727 emitter, also showing [Neiii] /i3869 
emission and nine were identified as [Oni] A50Q1 emitters, 
confirmed by various lines such as [O ni] /14959, HyS, Hy, Hi5, 
[Neiii] /i3869 and [On] ^3727. In total 11 [Om] emitters were 
confirmed in the field, all having a redshift of z ~ 0.5. 

4. Discussion and conclusions 

The fraction of foreground contaminants in our sample is es- 
timated to be 2/8 ~ 25%. There are 6 additional unconfirmed 
high priority candidate Lya emitters in the field. Based on the 
fraction of contaminants in our sample, ~ 4 of those are ex- 
pected to be z ~ 5.2 Lya emitters. 

Is there an overdensity of Lya emitters near TN J0924- 
2201? To investigate this question, we have to compare the 
density of Lya emitters in our field with the density in blank 
fields. The largest survey near z ~ 5 for Lya emitters is the 
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Fig. 1. Part of the spectra of the eight spectroscopically ob- 
served high priority emitters and the radio galaxy. For clarity 
the spectra are offset by 1.5 x 10"''^ ergs^'cm"^. The solid 
lines indicate the zeropoint of the spectra, the dotted lines the 
Icr uncertainty in the data, and the dashed lines are the scaled 
transmission curves of the naiTow-band filter. The regions in 
the spectrum where strong telluric skylines dominate are indi- 
cated with hashed lines. 

search for Lya emitters at z ~ 4.79 in the Subaru Deep Field 
(SDF, Shimasaku et al.. .2004.) . This survey is comparable in 
depth to our observations (Liim(Lya) = 3 x 10^^ ergs ' for an 
emitter at z = 4.79 with no continuum) and the selection cri- 
teria applied t o identify Lya emitters are very similar to ours 
(EW,i > 80 A. IShimasaku et al.[l2004i) . In the SDF, Shimasaku 
et al. find 51 candidate Lya emitters in an area of 25' x 45'. 
However, there is no spectroscopic confirmation of these can- 
didates. We therefore conservatively assume that all their can- 
didates are Lya emitters at z ~ 4.8, resulting in a number den- 
sity of Lyg emitters in the SDF of 2.1 + 0.3 x 10 '* Mpc"^ 
dShimasaku et al.l|2004l) . Excluding the radio galaxy, the den- 
sity of confirmed Lya emitters in our field is 5.3^2? x 10"^ 
Mpc^^*, which is a factor 2.5^[ y higher than in the SDF. If the 
four unconfirmed candidate Lya emitters are included, this fac- 
tor rises to 4.2^j °. We used the data from the SDF to estimate 
the chance of finding 6 or more Lya emitters in within a sin- 
gle 6f8x6f8 FORS2 field by counting the number of emitters 
in randomly placed 6f8x6'8 apertures. In only 7% of the cases, 
more than 6 Lya emitters were found. This further indicates 
that the TN J0924-2201 field is overdense in Lya emitters. 

Lya emitters at high redshift sh ow large cosmic vari - 
ance in their clustering properties (e.g. Shimasaku et al l l2004 . 
Various authors have found that the distribution of Lya emitters 
on th e sky and/or in redshift space can be very inhomogeneous 
(e.g. [Ouchi et al- ,2003.: Fvnbo et aL, 2003: Shimasaku et'all 
l2003HPalunas et alll2004lHu et aLlhOoi rFor example, most 
of the Lya emitters found at z = 4.86 in the SDF are concen- 
trated wdthmaj^lge^ale structure with a radius of ~ 6' (~ 2.5 
Mpc. Ishimasaku etal 1^003). It is therefore possible that the 
Lya emitters around TN J0924-2201 in the ~ 6f8x6;8 field of 
view of FORS2 are located inside such a large-scale structure. 
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Table 1. Properties of the eight spectroscopically observed high priority candidates and the radio galaxy. 
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It is interesting to compare the (over)density in this field 
with the protoclusters that were found around radio galaxies 
at z = 4.1,3.1 and 2.2, each with at least 20 confirmed pro- 
tocluster members and estimated masses of ~ lO'"^ - 10'^ 
Mr, iPentericci et al., 2000: Kui'k et al.. 2004: Venemans et al.L 
12002! Venemans et al. in prep). In the TN 0924-2201 field ob- 
jects were selected with a (Lya) line luminosity of > 3 x 10"*^ 
ergs"'. At z - 4.1,3.1 and 2.2, this luminosity limit corre- 
sponds to alimitof > 1.5,3.1 and 7.0 xlO"'^ ergs"' cm"^. The 
number of candidate (confirmed) emitters with a line brighter 
than the luminosity limit in the z = 4.1, 3.1 and 2.2 protoclus- 
ters is 10(10), 12(12) and 8 (6) respectively. This is roughly the 
same number of Lya emitters as in the TN J0924-2201 field, 
which contains six confirmed and four possible Lyes' emitters. 
The Lya emitters at z = 5.2 might therefore be the bright end 
of a population of star forming galaxies in a protocluster at 
z = 5.2, making it the most distant known protocluster. Deep 
multi-color observations should confirm this by detecting other 
populations of galaxies (e.g. Lyman break galaxies) in the pro- 
tocluster. 
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